The physiological mechanism through which food restriction (FR) enhances the biobehavioral actions of psychostimulants is unknown but may involve the gut peptide ghrelin. Plasma levels of ghrelin are increased by FR and reduced by eating. Moreover, systemically administered ghrelin crosses into the brain and is known to augment the locomotor-stimulating effects of cocaine [COC: Wellman et al, 2004]. This study sought to determine whether pretreatment with ghrelin (5 nmol) would enhance the rewarding properties of COC (0.0, 0.312, 0.625, or 1.25 mg/kg i.p.) as measured by conditioned place preference (CPP). Adult male Sprague-Dawley rats were given free access to both sides of a CPP chamber to determine initial side preference. The rats were then confined for 30 min to either their preferred side or non-preferred side on 8 consecutive days. When rats were confined to the least preferred side, each was injected with 0.5 ml (i.p.) of either ghrelin (5 nmol) or saline 1 h before the conditioning trial and then injected (i.p.) with one of the COC doses immediately prior to the conditioning trial. On alternate days, rats were injected with vehicle one hour before and again immediately before the conditioning trial. Place preference scores were computed as the differences in time (min) spent on the least preferred side of the chamber for the pre-test and the post conditioning test, covaried by the initial degree of preference (% time spent on the black side during the pre-test). These analyses indicated a significant interaction between ghrelin pretreatment and COC dose on changes in preference scores. Significantly higher place preference scores were noted for rats treated with either 0.312 or 0.625 mg/kg COC doses, but only when these COC doses were preceded by administration of 5 nmol ghrelin. In contrast, saline pretreated rats exhibited significant CPP at the 1.25 mg/kg COC dose, but the ghrelin pretreated group did not. These results provide partial support for the contention that ghrelin pretreatment can augment the rewarding effects of subthreshold doses of COC in a CPP procedure. Moreover, these findings are consistent with the view that ghrelin may play a role in the capacity of FR to augment psychostimulant action.
Introduction
Food intake and drug taking share common features and may involve overlapping pathways [1, 2] . Ingestion of highly palatable foods or of psychostimulant drugs can trigger dopamine overflow in brain reinforcement circuits [3] , whereas food deprivation or food restriction (FR) can increase the rate of acquisition of learned responses for many reinforcers, including food as well as the psychostimulant drugs cocaine or amphetamine [4] [5] [6] . A link between caloric homeostasis and psychostimulant action is further supported by evidence that FR, in rats, can augment the capacity of psychostimulants to enhance locomotion and to induce conditioned place preference (CPP) [7] . FR also augments the rewarding effects of electrical stimulation of the lateral hypothalamus (LH) [8, 9] . The latter has been used as a model system to explore mechanisms through which FR might alter psychostimulant function.
Signals related to the acute availability of metabolic fuels (e.g., glucose, free fatty acids) are unlikely to wholly account for FR-associated changes in psychostimulant action inasmuch as short-term glucoprivation or lipoprivation does not alter LH self-stimulation [8, 10, 11] . Prolonged negative energy balance results in increased expression of NPY in the hypothalamus; however, administration of NPY does not alter LH self-stimulation [8] . Although FR can be viewed as a stressor, acute modulation of corticosterone availability does not reverse the capacity of FR to sensitize LH self-stimulation [12] . These studies collectively suggest that FR may act through as yet unidentified feeding relevant system(s) to modulate psychostimulant reactivity.
Ghrelin is a 28 amino acid peptide secreted peripherally by the gut that functions as an orexigenic stimulus [13] [14] [15] [16] [17] [18] . Human plasma ghrelin levels are at a nadir after a meal and then peak prior to the next meal [13] . Plasma ghrelin levels increase during periods of FR, and decrease after food intake [14] . Investigations into the effects of peripheral ghrelin injection showed that exogenous ghrelin administration can yield plasma concentrations similar to those induced by fasting. Specifically, low doses of ghrelin (1 nmol ip) increased plasma ghrelin levels in rats from 1.2 pmol/ml (basal value) to 3.4 pmol/ml, which was sustained from 15-30 min post injection. These ghrelin-induced elevated plasma levels were shown to be similar to plasma ghrelin levels measured after a 24-hr fast (3 pmol/ml). [19] Additionally, a dose of 2.4 umole/kg induced very high levels of circulating ghrelin (about 25 ng/ml) versus a control value (about 2ng/ml). [20] In Siberian hamsters, a 3mg/kg dose of ghrelin stimulated plasma levels to a range similar to 24-36 h of fasting. [21] Ghrelin enhances food intake when administered either peripherally or centrally [10, 17, 18 Friedman,Kamegai,Kojima] and augments feeding-associated behaviors such as hoarding and foraging [21] . Studies of peripheral feeding responses showed that doses of 1, 3, and 10 nmol injections of ghrelin all produced increased feeding over vehicle in as little as 15 min postinjection and for up to 4 h, but with no significant differences in feeding behavior between high and low doses. [19, 22] Similar results were found in siberian hamsters in that doses of 3, 30, and 200 mg/kg ghrelin all stimulated food intake to a similar degree. [21] Thus, although peripheral ghrelin injection increased plasma concentrations to fasting levels and induced food intake for hours after injection, there does not appear to be a clear dose response profile for exogenous ghrelin administration.
Furthermore, systemic ghrelin is passively transported across the blood-brain barrier [23] and ghrelin receptors have been located on brain dopamine neurons [24] [25] [26] . Changes in peripheral ghrelin levels occasioned by FR could result in changes in dopamine signaling in brain reinforcement systems. Consistent with this view, we reported that peripheral ghrelin (5 nmol, i.p.) administration (in non food deprived rats) enhanced COC-induced (2.5, 5.0, 10.0 mg/kg) hyperlocomotion as compared to rats pretreated with saline [27] . The present study determined the potential of ghrelin to alter the rewarding properties of COC as measured in a CPP procedure [28, 29] . Briefly, rats were allowed free access to both sides of a CPP chamber to determine initial side preference. The rats were then confined for 30 min to either their preferred side or non-preferred side on 8 consecutive days. On days in which the rats were confined to the least preferred side, each was injected with 0.5 ml (i.p.) of either ghrelin (5 nmol) or saline 1 h before the conditioning trial and then injected with one of four COC doses (0, 0.312, 0.625, or 1.25 mg/kg: IP) immediately prior to the conditioning trial. On alternate days, rats were injected with vehicle one hour before and again immediately before the conditioning trial. The expectation was that ghrelin alone would not produce a change in place preference, but that rats treated with COC after ghrelin pretreatment would show increased place preference for sub-threshold doses of COC relative to rats treated with COC only.
Method Animals
The subjects were 64 experimentally naïve male Sprague-Dawley rats (Harlan, Houston, TX) weighing approximately 275-300g at the beginning of the experiment. Animals were housed individually in hanging polycarbonate rodent cages with food and water ad libitum. The colony room was maintained at 23.0±1 °C under a 12 h/12 h illumination schedule. Experimental procedures and treatments were approved by the Texas A&M University Laboratory Animal Care Committee.
Drugs
Acylated rat ghrelin (Product 55-0-03, American Peptide, Sunnyvale, CA) was dissolved in physiological (0.9% w/v) saline in a 5 nmol concentration which was administered i.p. in a fixed volume of 0.5 ml. This dose was chosen due to previous literature citing that a dose in this range would elevate plasma ghrelin to fasting levels that would be maintained for more than 1 h. [19, 22] COC HCl was kindly provided by Dr. Kevin Gormley of the Basic Research Division of NIDA. COC was dissolved in 0.9% w/v saline vehicle in concentrations such that doses were 0.312, 0.625, and 1.25 mg/ml. All COC injections were administered i.p in volumes of 1 ml/kg body weight.
Apparatus
Place conditioning and testing were conducted in eight 20 × 60 × 20-cm wooden shuttle boxes with wooden tilt floors. A microswitch was mounted on the wall under the floor at each end of the box and served to detect movement of the tilting floor. The boxes were interfaced with an IBM compatible microcomputer and a BASIC computer program was used to continuously record the number of times and duration the switch was activated through a tilt of the floor by a rat. Half of each box had white walls with a smooth white floor and the other half had black walls and floor with a black wire mesh floor covering. During conditioning sessions, the black and white compartments were separated by appropriately painted, removable partitions. The test (pre and post) session partitions were identical to the conditioning session partitions, except for a semicircular passageway (dia = 12.7 cm) cut out of the bottom edge of the partition to allow free access between compartments. Previous research showed that a natural preference for the black side occurs [cf. 29], therefore, a 40-W light was positioned 50 cm above the black side of the chamber to adjust for this natural preference. These lamps provided the only illumination in the testing room. A 40-dB white noise generator was positioned in the testing room to mask any outside noise. Following each conditioning and test session, the apparatus was cleaned with a mild soap solution and dried with towels.
Procedures
Animals were allowed at least 5 days of home cage acclimation after arrival to the facility. On Day 1 of behavioral training, animals were transferred from the colony to the testing room for 30 min for the purposes of habituating them to transportation, sound, and illumination of the testing room. They were not placed into the apparatus during the first day.
Day 2 was a pre-test to determine the initial preferences for the black or white compartments. On this day, the rats were transported to the testing room and placed into the chambers. The rats received no injection and had free access to both sides of the chambers (i.e. the test access partitions were placed between compartments). Time spent in each compartment was recorded over a 15 min period via the microswitch/computer system. The most preferred side was defined as the side (black or white) in which an animal spent the most time during this pretest.
Days 3-10 were training days in which rats received an injection of a COC dose paired with the least preferred side (as determined by their Day 2 pre-test score), and, on alternating days, received saline injections paired with the most preferred side. For training days, the full partition was always in place within the chambers such that a rat was confined to one side of the chamber. Order of presentation was randomized such that half the animals in each squad were placed into their least preferred side on the first training day; the other half of the rats were placed into their most preferred side. On days when rats were placed into the least preferred side of the chamber, they were given 0.5 ml of ghrelin or saline 1 h prior to being placed in the chamber. Food was removed immediately after pretreatment injections to prevent the rats from eating, which in turn might decrease circulating ghrelin levels [13] . After this one hour period, the rats were transported to the testing room, given an i.p. injection of COC (0.0, 0.312, 0.625, or 1.25 mg/kg), and placed into the appropriate side of the chamber for 30 min. On the days when saline was paired with the preferred side, they were given a 0.5 ml injection of saline 1 h prior to transport to the testing room. Upon entry to the testing room, they were given an injection of saline (1.0 ml/kg, i.p.) and placed into their most preferred side of the chamber for 30 min. All animals received 4 pairings of the same COC dose with the least preferred side of the chamber after pre-exposure to ghrelin or saline, and, alternately, all animals received 4 training sessions in which saline was paired with the most preferred side of the chamber after a pretreatment injection of saline.
Day 11 was the post-training test day. Procedures for this day were identical to those of the Day 2 pre-test session. No injections were administered and animals had free access to both sides of the chamber for 15 minutes.
Statistical Analysis
The overall design of the study was a 4 (0.0, 0.312, 0.625, or 1.25 mg/kg COC dose) × 2 (0.0 or 5 nmol ghrelin) factorial. Data from 5 animals were excluded due to equipment malfunction during at least one of the test sessions. Additionally, data from 7 animals were excluded as outliers (scores more than 2 SD from the mean). Animals were run in 3 sets of 4 squads each, such that n = 10-12 for each condition. Analyses were run on the difference score as determined by the difference in time spent (min) on Day 2 (pre-training) with time spent (min) on Day 11 (post-training). These difference scores were subjected to an analysis of covariance using the percent of time spent on the black side of the chamber during the pre-test (out of 15 min) as the covariate. The latter was used because of variability in the magnitude of initial preferences of the rats on Day 2 for the preferred side.
Results
The overall analyses indicated a significant interaction between ghrelin pretreatment and COC dose [F (3, 75) = 2.74, p = .049]. Planned comparisons were made between animals pretreated with ghrelin and animals pretreated with saline for each COC dose. As expected, pretreatment with ghrelin alone (0.0 mg/kg COC) did not induce significant place conditioning (or place aversion) relative to animals pretreated with saline and then treated with 0.0 mg/kg COC dose [t (19) = 1.25, p = .227]. As seen in Figure 1 , rats pretreated with ghrelin showed progressively augmented place preference scores, relative to saline-pretreated rats, for both the 0.312 mg/kg COC dose [t (19) 
0001]. However, this trend reversed at the 1.25 mg/kg COC dose, such that saline pretreated animals exhibited significantly higher conditioning scores than did the ghrelin pretreated group [t (17) = 23.618, p = .0001].
Discussion
The major findings of the present experiment are that systemic administration of 5 nmol ghrelin augmented the place conditioning induced by low doses (0.312 or 0.625 mg/kg) of COC, but not the 1.25 mg/kg COC dose. The facilitatory effect of 5 nmol ghrelin on place conditioning scores induced by 0.312 mg/kg or by 0.625 mg/kg COC suggests that ghrelin can decrease the threshold dose at which COC produces reinforcement. The observed relationship for the interaction of ghrelin and cocaine resembled an inverted U in that place preference scores of the 0 nmol pretreatment-1.25 mg/kg COC treatment group showed significant increases, whereas that of the 5 nmol ghrelin pretreatment-1.25 mg/kg COC treatment group returned to baseline. In contrast, Bell and colleagues [7] reported that prolonged FR (resulting in 80% of normal body weight) augmented COC-induced CPP at the highest COC doses tested (5.0 and 10.0 mg/kg) but not at a lower COC dose (2.5 mg/kg). Our use of the 5 nmol ghrelin injection was sufficient, based on the literature, to transiently induce plasma levels similar to 24-36 h deprivation [19, 22] . Such a transient increase in ghrelin levels may not completely mimic the changes the changes in plasma ghrelin levels that occur with prolonged food restriction (i.e. 80% body weight). To date no literature could be found stating the differences between the behavioral responses elicited by plasma levels produced by single-injection and plasma levels exhibited in response to a prolonged food restriction regimen leading to low body weight. Human plasma ghrelin levels are elevated in prolonged fasting states (such as anorexia nervosa) and show an endogenous secretory pattern [30] . Additionally, Drazen and colleagues showed that rat circadian secretory patterns were altered such that increases corresponded to the learned onset of meals. [31] Therefore, a clear understanding between the FR effect on CPP and our present results will require additional study into the potential differences between ghrelin oscillations under fasting versus food restriction.
Furthermore, the reversal of COC induced CPP seen in the current study at the 1.25 mg/kg COC dose is unlikely to reflect an aversive effect of 5 nmol ghrelin, perhaps related to stress [32] , inasmuch as ghrelin alone did not alter place conditioning scores in the present study (i.e. at the 0 mg/kg COC dose) nor has there been a report in the literature of ghrelin-induced conditioned taste or food aversion. Food deprivation, per se, augments CPP induced by eating [33] . Ghrelin could alter the rate of degradation of cocaine, but such studies of the impact of ghrelin on cocaine pharmacokinetics (or vice versa) are unknown. Indeed, the literature on cocaine-ghrelin interactions has not developed to the point such that the present interactions can be easily understood in mechanistic terms. However, we note that similar patterns of results (i.e. facilitation of CPP at lower doses, but lack of effect of higher treatment doses) have been reported in the literature for other treatments including NPY [34] and 8-OH-DPAT [35] .
The impetus for the present study was an assessment of the view that FR might alter psychostimulant function via increased activity of ghrelin pathways which in turn might modulate dopamine pathways. As mentioned above, systemic ghrelin levels are altered by food restriction/refeeding [13, 14] . Systemic ghrelin is passively transported across the blood-brain barrier [23] and ghrelin receptors are located on neurons [24] within the arcuate hypothalamus, the hippocampus [24] [25] [26] as well as the ventral tegmental area and substantia nigra [25, 26] . Although Brunetti et al., [36] reported that bath application of ghrelin was without effect on hypothalamic dopamine release, Jerlhag et al., [37] reported that third ventricular injections of ghrelin stimulate locomotion and increase DA overflow within the nucleus accumbens of mice. The localization of ghrelin receptors on ascending dopamine neurons of the VTA produced dopamine activation in the nucleus accumbens [38] , suggesting that this neuropeptide is positioned so as to mediate the modulation of reinforcement circuits by FR. In support of this view, exogenous administration of ghrelin can augment the locomotor-stimulating effects of cocaine [27] and can augment the capacity of lower doses of cocaine to induce CPP [the present results]. Whether ghrelin exerts effects on LH self-stimulation thresholds that parallel those of FR remains to be determined and it will be important to assess the effects of FR on psychostimulant action in ghrelin KO mice [39] . Mean group preference scores for rats pretreated with either 0 (open bars) or 5 nmol ghrelin (black bars) one hour prior to conditioning trials and then treated with either 0, 0.312, 0.625, or 1.25 mg/kg (i.p.) COC just prior to conditioning trials. The preference scores represent the difference in time spent on the least preferred side of the chamber during the postconditioning test less the time spent during the preconditioning test (adjusted for initial percent time spent in the black chamber on the preconditioning test ). The lines above each bar represent the standard error of the mean for that group condition. A * denotes a significant difference (p < 0.05) between the 0 nmol and 5 nmol ghrelin groups at a particular dose level of COC.
